Cytomegalovirus (CMV) disease and infection refractory to antiviral treatment after allogeneic stem cell transplantation (allo-SCT) is associated with a high mortality. Adoptive transfer of CMV-specific T cells could reconstitute viral immunity after SCT and could protect from CMV-related complications. However, logistics of producing virus-specific T-cell grafts limited the clinical application. We treated 18 patients after allo-SCT from human leukocyte antigen-mismatched/ haploidentical or human leukocyte antigen-matched unrelated donors with polyclonal CMV-specific T cells generated by ex vivo stimulation with pp65, followed by isolation of interferon-␥-producing cells. Patients with CMV disease or viremia refractory to antiviral chemotherapy or both were eligible for adoptive T-cell transfer and received a mean of 21 ؋ 10 3 /kg pp65-specific T cells. In 83% of cases CMV infection was cleared or viral burden was significantly reduced, even in cases of CMV encephalitis (n ‫؍‬ 2). 
Introduction
Viral infections remain important causes of morbidity and mortality after allogeneic stem cell transplantation (SCT), especially in recipients of stem cell transplants from unrelated or mismatched donors. [1] [2] [3] Reconstitution of the new, donor-derived immune system can take several months, 4, 5 which leaves the host with deficient T-cell immunity. Despite antiviral drug treatment, including ganciclovir, foscarnet, or cidofovir, a considerable number of patients are facing an insufficient control of cytomegalovirus (CMV) reactivation after SCT. 6 Because reconstitution of CMV-specific T cells confer protection against the development of CMV disease after SCT, 7 attempts have been made to restore antiviral immunity. The procedure known as adoptive transfer involves induction of virus-specific T-cell immunity in the patient by direct infusion of antigen (Ag)-specific T cells. So far, cellular immunotherapy against CMV has been performed with CMV-specific cytotoxic T-cell lines generated by repetitive stimulation in vitro over several weeks. [8] [9] [10] [11] [12] [13] Despite this success, use of cellular therapy in the clinic has been limited by logistical difficulties, because the approach is time and labor consuming and difficult to establish under current regulations of good manufacturing practices (GMP). In addition, no sustained response was seen after adoptive transfer that involved only CD8 ϩ T cells. This phenomenon is supported by the fact that recall responses to latent infections depend on the presence of CD4 ϩ T cells to help cytotoxic T cells. 14, 15 An alternative approach for the transfer of T-cell immunity is the isolation of Ag-specific T cells from the blood of CMV seropositive donors, based on the interferon ␥ (IFN-␥) secretion of T cells after ex vivo stimulation with viral Ag. 16, 17 Therefore, to enable cellular therapy on demand, a simple short-term ex vivo protocol was developed with the pp65-specific IFN-␥ secretion of T cells to isolate a combination of CD4 ϩ and CD8 ϩ CMV-reactive T cells. 18 In this report we summarize the clinical experience of several centers with infusion of low numbers of pp65-specific T cells to restore protective T-cell immunity against CMV in a posttransplantation setting. Adoptive T-cell transfer was performed as a salvage treatment in patients with chemorefractory CMV disease, or chemorefractory viremia defined as increasing viral load under antiviral chemotherapy. Chemorefractory CMV infection and disease is affected by an extremely high mortality rate and therefore require the development of new treatment approaches. 
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Methods

Generation of pp65-specific T cells
Generation of CMV-specific T cells was performed for all patients in a central GMP facility located in the University Children's Hospital Tü-bingen, as described recently. 16, 18 Leukapheresis with 1 ϫ 10 9 cells or 500 mL of whole blood was obtained from the donor, and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll/Paque (Biochrome) density gradient centrifugation, diluted at 1 ϫ 10 7 cells/mL culture medium (RPMI1640 [Biochrome] ϩ 10% human AB serum) and stimulated with 10 L/mL pp65protein (Miltenyi Biotec) for 16 hours at 37°C. Magnetic enrichment of cytokine-secreting cells was performed with the CytokineSecretion-System and the CliniMACS device (Miltenyi Biotec). The T-cell dose was restricted to Յ 50 000/kg of body weight and was usually determined by the yield of 500 mL of whole blood starting fraction. CMV-specific T cells were infused directly after the isolation procedure without any further in vitro expansion. In patients 12 and 13 a short-term expansion in vitro was performed, as described, 18 to perform functional in vitro assays before infusion. Purity of the isolated pp65-specific T cells was assessed by detection of IFN-␥ ϩ cells in flow cytometry (Table 1) , with release criteria of Ն 10% IFN-␥ ϩ T cells. The T-cell response in related donors (parents or siblings of patients 5, 6, and 16) was above the average of unrelated donors. The German regulatory authorities have approved the GMP generation of pp65-specific T cells and their use in humans. The pp65-specific T cells were given on the basis of an off-label use in the different centers.
Patient characteristics and follow-up after adoptive T-cell transfer
We treated 18 patients between 2005 and 2009 after allogeneic SCT from a CMV-seropositive donor with a CMV infection refractory to treatment with intravenous ganciclovir or foscarnet or both ( Table 2 ). The patients were treated according to a common management plan. Definition of "refractory" was a persistent positive CMV polymerase chain reaction with Ͼ 14 days of treatment or an increasing/unchanged copy number in quantitative polymerase chain reaction. Changes in copy numbers are defined as Ն 1 log change. Antiviral chemotherapy was continued during and after adoptive T-cell transfer. Some patients received additional treatment with cidofovir because of adenovirus coinfection. Except patients 11 and 17, who received T cells from a third-party donor, all other patients received adoptive T-cell transfer from the stem cell donor. Data from patient 11 have been published in part previously in a case report. 19 Patients and donors gave written informed consent, and the adoptive T-cell transfer was performed in accordance with the regulations of the institutional ethics committee. Monitoring during and after adoptive T-cell transfer included heart rate, blood pressure, oxygen saturation, physical examination, blood count, C-reactive protein, and liver and kidney function tests.
Detection of CMV-specific T-cell responses after adoptive T-cell transfer
Analysis of CMV-specific T cells was done for all patients in a central laboratory as described recently. 17 In brief, PBMCs were stimulated ex vivo with 10 L/mL pp65 protein (Miltenyi Biotec). T cells with Ag-specific secretion of IFN-␥ were detected on the following day. Flow cytometric assessment of IFN-␥ secretion of viable T cells was carried out by intracellular cytokine staining after addition of Brefeldin A (Sigma) for 
Analysis of T-cell subpopulations and T-cell function
Surface staining was performed with saturating conditions of the following antibodies: anti-CD27, CD28, CD62L, CD45RO, all from Becton Dickinson. Expression of CD62L and CD45RO or CD27 and CD28 was analyzed in gated populations of CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ T cells. Naive T cells were defined as CD45RO Ϫ CD62L ϩ , central memory T cells as CD45RO ϩ CD62L ϩ , and effector memory T cells as CD45RO ϩ CD62L Ϫ . Proliferation was detected with carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes) according to a recently published protocol. 20 PBMCs were enriched by Ficoll separation and washed with phosphate-buffered saline. CFSE was then added to the cells to a final concentration of 1.6M in phosphate-buffered saline, and cells were incubated for 9 minutes at 37°C. CFSE was then neutralized by fetal bovine serum and washed off with RPMI 1640. PBMCs were resuspended in RPMI 1640 with 10% AB serum to a final concentration of 2.5 ϫ 10 6 cells/mL. After stimulation by adding pp65, the stained cells were incubated in a 96-well plate, and cell proliferation was finally assessed by flow cytometry. A positive response was defined as Ͼ 10% above background proliferation in the unstimulated negative controls. Positive controls were carried out with staphylococcal enterotoxin B (Sigma Chemical).
Results
Generation and in vitro analysis of CMV-specific T cells
We isolated pp65-specific T cells in 18 healthy, seropositive donors for adoptive T-cell transfer. Recipients were patients after allogeneic SCT. Patient characteristics are summarized in Table 2 . A detection and isolation of pp65-specific T cells was possible in 100% of seropositive donors. The generation of a pp65-specific T-cell infusion was independent of the donor and recipient human leukocyte Ag (HLA) type. The mean (Ϯ SD) CMV-specific T-cell response was 0.56% Ϯ 0.7% of total donor T cells before the isolation of specific T cells. To obtain CMV-specific T cells, we stimulated mononuclear cells isolated from 200 to 500 mL of peripheral blood of the stem cell donor with pp65 Ag. In all 18 cases this procedure efficiently increased the percentage of CMVspecific T cells to 65% Ϯ 31% as determined by flow cytometry (see Table 1 ). In 3 cases of haploidentical SCT (patients 5, 6, and 15) the precursor frequency was too high for the isolation technique, and false, IFN-␥ lowϩ cells contaminated the T-cell graft, leading to a purity of ϳ 10% pp65-specific T cells. The isolated specific T cells contained a mean of 65% CD4 ϩ and a mean of 32% CD8 ϩ T cells.
In vitro analysis of CMV-specific T cells grafts
After isolation of IFN-␥ ϩ T cells, in vitro analysis of the T-cell product was done. Isolated T cells showed a good proliferation in CFSE assays (data not shown). However, the proliferation potential has been described to be inversely correlated with the T-cell maturation. 21 Therefore, markers of T-cell maturation, CD27, CD28, CD62L, and CD45RO, were analyzed among CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ double-positive gated cells after the isolation procedure. The analysis of T-cell subpopulations showed a heterogeneous expression of CD27 and CD28 in the Ag-specific T-cell graft. Both, early, double-positive, and late doublenegative T cells were among the CD4 and CD8 subgroups. Because the isolated T cells are memory T cells, the late effector stages were the largest subpopulation. Analysis of alloreactivity and functional analysis of infused cells was only done in 2 patients (patients 12 and 13) to rule out alloreactivity in a mixed lymphocyte reaction as described recently. 18 In all other patients functional in vitro analysis of directly infused cells was 
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Feasibility and side effects of cellular therapy
We treated patients for documented CMV infection between day 19 and 308 after haploidentical/mismatched related (n ϭ 12), HLA-matched unrelated donor (n ϭ 3), and HLA-mismatched unrelated (n ϭ 1) transplantation. In 2 cases the original stem cell transplant donor was not available. Therefore, pp65-specific T cells derived in these 2 cases were from a partially HLA-matched third-party donor. The mean T-cell dose was low with 21.3 ϫ 10 3 CD3/kg of body weight, relying on an in vivo expansion in the presence of Ag and avoidance of long-term in vitro expansion steps. The isolated T cells were immediately infused within a small volume ϳ 5 mL on the day of isolation. The infusion was well tolerated, without any acute side effects. Although 15 patients received HLA-mismatched or haploidentical grafts, pp65-specific T cells were infused without induction of graft-versushost disease in 17 of 18 patients. One of the 2 patients receiving expanded cells (patient 12) additionally received interleukin-2 (IL-2) subcutaneously after adoptive T-cell transfer. Patient 12 had upper gastrointestinal bleeding 2 days after T-cell transfer. We cannot exclude a treatment-related event in this patient, induced by invasion of pp65-specific T cells to a subclinical CMV gastritis (Tables 2-3 ).
Outcome and follow-up of CMV infection after adoptive T-cell transfer
Before adoptive transfer patients had a refractory CMV infection, defined as increasing viral load in peripheral blood, refractory to antiviral chemotherapy with ganciclovir or foscarnet or both (Table 1 ). In 15 of 18 cases clearance of CMV viremia or a significant reduction (Ͼ 1 log) of viral load was associated with adoptive T-cell transfer (Figures 1-2 ; Table 3 ). The effect of adoptive T-cell transfer was associated with the in vivo expansion of transferred T cells and took between 3 and 6 weeks and 8 weeks in 1 case. Only 3 patients did not respond to adoptive T-cell transfer of pp65-specific T cells. In 2 of the nonresponders (patients 12 and 17) the transferred T cells did not expand in vivo; hence, no clinical or virologic effect occurred. The third nonresponder (patient 8) died of bacterial sepsis 19 days after adoptive T-cell transfer, which was not related to the T-cell transfer, and no effect of the T-cell transfer on viremia could be detected in this patient within this short time frame.
The analysis of the CMV-associated mortality shows that 4 patients died because of reasons potentially associated with CMV, although all of them had a transient response of their infection after T-cell transfer. Only 1 of 13 patients with T-cell expansion in vivo died of CMV disease (patient 10), whereas 3 of 4 patients without CMV-specific T-cell responses died of CMV disease (patients 6, 12, and 17). Two patients even cleared infection after adoptive T-cell transfer from CMV encephalitis with high numbers of CMV DNA in cerebrospinal fluid. In patient 10 adoptive T-cell transfer was associated with a transient clinical improvement and reduction of the viral load, but reactivation of CMV and pneumonitis finally lead to CMV-associated mortality.
Reconstitution of CMV-specific T cells after adoptive T-cell transfer
In all patients who received a pp65-specific T-cell transfer, no CMV-specific T-cell response was detectable before adoptive transfer (Figure 2) . In all patients who developed a detectable in vivo expansion of pp65-specific T cells, viremia was cleared or significantly reduced (12 of 12 evaluable cases; Figure 2 ). Figure 1 shows the time course of viremia and pp65-specific T-cell response in these patients. A successful in vivo expansion of CMV-specific T lymphocytes was detectable in 12 of 16 cases, resulting in reconstitution of viral T-cell immunity (Table 2; Figure 2 ). In vivo expansion was within the CD4 ϩ as well as in the CD8 ϩ T-cell compartment in all cases. The pp65-specific T-cell response was detected until 6 months after adoptive T-cell transfer in single patients. In 4 patients (Figure 2A ) an in vivo detection of pp65-specific T cells could not be documented in peripheral blood after adoptive T-cell transfer. For logistic reasons determination of CMV-specific T cells failed in 2 patients (patients 2 and 15).
Discussion
CMV disease after allogeneic SCT is associated with a high mortality. Especially patients with a CMV infection refractory to ganciclovir and foscarnet, have an extremely high case fatality rate. Adoptive T-cell transfer has been considered a promising option for these patients. 11, 22 Application of adoptive cellular therapy for CMV reactivation after SCT has been limited by the laborintensive nature of the in vitro culture methods to select and expand specific T cells from donor T cells. Providing a fast and relatively simple method for the generation of a functional Ag-specific T-cell product will enable clinicians to use adoptive T-cell transfer in patients with CMV reactivations after allogeneic SCT. We present a short-term ex vivo protocol with the use of the pp65-specific IFN-␥ secretion of T cells to isolate CD4 ϩ and CD8 ϩ CMV-reactive T cells. Because even a single Ag-specific T cell can repopulate distinct T-cell subsets in vivo 23 and because in vitro culture was shown to reduce antiviral efficacy in vivo, 24 in vitro expansion steps were not included in the protocol to avoid loss of expansion potential due to terminal differentiation during in vitro expansion. In this report we summarize our clinical experience with infusion of low numbers of pp65-specific T cells and investigate their ability to restore protective T-cell immunity against CMV and to treat chemorefractory disease and reactivation in a posttransplantation setting. The treatment was done as a salvage therapy for refractory CMV infections and CMV disease after SCT with extremely high viral load in some of the patients. We infused small numbers of IFN-␥-secreting T cells after stimulation with pp65 Ag. This approach has a number of potential advantages, including the obvious safety (no acute side effects) and the fast availability (30 hours). The fast availability of an adoptive T-cell product is clinically relevant, because it enables the clinician to tailor the treatment to the individual disease and immune status in the posttransplantation situation.
Interestingly, the success of adoptive T-cell transfer was not related to the T-cell dose. Furthermore, we describe a strong correlation of in vivo expansion of pp65-specific T cells and the clinical response. Only 1 of 12 patients with an in vivo expansion of pp65-specific T-cells died of CMV-related complications, compared with high mortality in patients without a protective T-cell response. However, the conditions for a successful T-cell response in vivo remain to be investigated in future studies. The short-term in vitro expansion in patients 12 and 13 was performed because of low cell numbers after the isolation procedure and was done to achieve a higher T-cell dose. However, in vitro expansion and higher T-cell doses did not result in higher efficacy. Even a T-cell dose of 360/kg was shown to be sufficient for a successful T-cell transfer. The provision of CD4 ϩ T-cell help is essential for a physiologic and sustained immune response, whereas CD8 ϩ T cells are considered to exert rapid antiviral effects. Therefore, a combination of CD4 ϩ and CD8 ϩ T cells for adoptive transfer is supposed to be beneficial to restore a sustained and protective immunity. Although purity is theoretically higher in T cells sorted by peptide major histocompatibility complex multimers, 25 compared with cytokine-capture systems, the isolation of IFN-␥-secreting cells enables the generation of CD4 ϩ and CD8 ϩ T-cell responses to multiple epitopes, 26 the application of functionally active (IFN-␥ secreting) T cells, and applicability to all patients, independent of the HLA type.
Because detection of a specific T-cell response has been shown to be protective against CMV-related complications, the expansion potential of transferred T cells is essential for the success of adoptive T-cell transfer. Furthermore, the transfer of small T-cell populations could only result in a sustained T-cell immunity, if some transferred T cells have a repopulating capacity. This feature has been attributed to naive or central memory T cells according to the expression of the homing molecule CD62L as a marker for in vivo proliferation potential, which is described to be inversely correlated with the T-cell maturation. 21 In the IFN-␥-selected T-cell population we identified a mixture of naive, central memory, and effector memory stages (Figure 3) . Early, CD27/ CD28 double-positive and late double-negative T cells were detected. Because the isolated T cells are memory T cells, the late effector stages formed the largest subpopulation. The pp65-specific T-cell immunity could be detected for Ͼ 6 months in patients after adoptive T-cell transfer.
In conclusion, our approach results in a rapid production of a safe and effective therapeutic T-cell product with limited ex vivo manipulation and has the potential to be applied to a range of other 
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BLOOD, 18 NOVEMBER 2010 ⅐ VOLUME 116, NUMBER 20 For personal use only. on April 10, 2017. by guest www.bloodjournal.org From targets, including tumor Ag's, for which the secretion of IFN-␥ by the transferred T cells has been emphasized. 27 This approach was used as salvage therapy and could become a clinical valuable extension of the treatment options for patients at extremely high risk of CMV-related mortality. In the future, controlled clinical trials have to investigate the optimal conditions for a successful in vivo expansion after adoptive T-cell transfer. Markers of T-cell maturation, CD27, CD28, CD62L, and CD45RO, were analyzed among CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ double-positive gated cells after the isolation procedure. The analysis of T-cell subpopulations showed a mixed Ag-specific T-cell graft, according to the expression of CD27 and CD28. Both early doublepositive and late double-negative T cells were among the CD4 ϩ and CD8 ϩ subgroups. Naive T cells were defined as CD45RO Ϫ CD62L ϩ , central memory T cells as CD45RO ϩ CD62L ϩ , and effector memory T cells as CD45RO ϩ CD62L Ϫ .
